INTRODUCTION
Distributed generation (DG) systems have both advantages and disadvantages in relation to grid power quality (PQ). They can increase the efficiency of systems by local power generation. More reliable and uninterrupted power can be provided to customers, with energy cost savings [1] .
World wide DG penetration in the grid is on the rising. For example, Denmark has a high penetration of wind energy in the country with 14% of the whole electrical energy consumption supplied from wind [2] . A study by EPRI indicates that by 2010, 25% of new generation will be DG and at least it will be 20% of the total electrical utility market, worth of USD 72 billion. [3] Deregulation of electricity market may contribute to rising penetration level of DG from renewable energy sources (wind, solar, biomass etc) in the near future [4] . From the perspective of environmental protection, DG from renewable energy sources is of great importance, as they minimize harmful emissions. As most of the DG systems are interfaced to the grid through power electronic interface, hence injection of additional higher frequency harmonics in the system is obvious. Therefore, additional grid integration problems are equally worrying from electrical pollution point of view if not attended properly. Furthermore, variable wind speed, variation in solar and tidal power etc are uncontrollable parameters which are bound to affect the generated power quality.
Research is being carried out to integrate active filtering options into the integrating power electronic converters themselves [2, 5] , but they need to be case specific. From the perspective of sensitive non-linear loads in the distribution system, a common platform of PQ needs to be ensured; as PQ varies due to various types of sources of generation. Hence, suitable power conditioning interfaces are recommended for sensitive non-linear loads. These type of loads primarily include production industries (like automotive plants, paper mills, chemical and pharmaceutical industries, semiconductor manufacturing plants etc), and critical service providers like medical centres, airports, broadcasting centres etc. Typical grid integration problems associate with voltage and frequency compatibility and requirement of active and reactive power. A power conditioning equipment can act as an interface between the grid and sensitive loads, so that the load can remain insensitive to the variation of power quality from the utility. Unified Power Quality Conditioner (UPQC) happens to be the most comprehensive power conditioning equipment that can mitigate both voltage and current quality problems [6, 7] .
In this paper two models of UPQC are discussed and analysed from the perspective of VA loading and applications. Functionally UPQC is a combination of series and shunt active filter, for maintaining desired quality of both the incoming voltage and current. But its coordinated control gives it unique feature in terms of shared responsibility and reduced VA rating as compared to individual dynamic voltage restorer (DVR) [8, 11] or active power filter (APF) [6, 9, 11] . The two control schemes described in this paper have common current control strategy, which is based on hysteresis current control. The series voltage compensation can be performed in a number of ways, which are non unique. Based on the two extreme options, two control schemes have been designed and their performance and rating are analysed. The insight gained could be useful for design of control strategy of UPQC for various applications.
The organization of the paper is as follows. In section II UPQC topology and power flow strategy is described. Section III describes the two proposed control strategies for UPQC for different applications. Section IV discusses analytically the VA loading and rating issues.
Simulation results in support of the control strategy are provided in section V. Finally, the conclusions are presented in section VI.
II. UPQC TOPOLOGY AND POWER FLOW STRATEGY
A three-phase UPQC consists of two three-phase voltage source inverters connected in cascade as shown in Fig. 1 . Inverter 1 (Series Inverter (SEI)) is connected in series with the incoming utility supply through a low pass filter and a voltage injecting transformer. Inverter 2 ( Shunt Inverter (SHI)) is connected in parallel with the sensitive load, whose power quality needs to be strictly maintained. The main purpose of SHI is to provide required VAR support to the load, and suppress the load current harmonics from flowing towards the utility and it is operated in current controlled mode. SEI is responsible for compensating the deficiency in voltage quality of the incoming supply, such that the load end voltage remains insensitive to the variation of utility supply. The two models of UPQC discussed in this paper have same power circuit configuration.
But as the control strategies are different in SEI, the individual loading of SHI and SEI varies and the overall rating of the UPQC differs, which is the thrust of this paper and is explained in the subsequent sections. UPQC also have a few other important components that are essential for interfacing of the equipment.
• The SHI is connected through a boost inductor L SHI , which can boost up the common dc link voltage to the desired value through appropriate control. The size of the inductor L has to be chosen carefully, as increase in size would cause slower response to current control.
• The dc link capacitor C provides the common dc link voltage to both SEI and SHI. Ideally once charged, the dc link voltage should not fall off its charge, but due to finite switching losses of the inverters, inductor and capacitor, some active power is consumed and the charge of the dc link voltage needs to be maintained in a closed loop control, through the SHI. The choice of the reference dc link voltage depends upon the percentage of voltage sag to be mitigated and amount of VAR to be shared. The higher of the two values is to be chosen to comply with all needs. It is to be noted that as the C is charged continuously through SHI, it does not require additional source of voltage support. The online charging also helps UPQC in mitigating voltage unbalance or under-voltage situations for longer durations, as it is not limited by the storage capacity of separate voltage source.
• The SEI needs to be connected to the supply side through a series injection transformer and a low pass filter (LPF), to eliminate the high switching frequency ripple of the inverter. The filter may inject some phase shift, which could be load dependent, but suitable feedback control is to be designed to dynamically adjust the shift, which is described in the control section.
The utility supply being the only source of active power, the source of active power flow through UPQC originates from the supply. But the reactive power and load harmonic currents are shared between the SHI and loads primarily. Therefore, SHI provides harmonic isolation to the utility.
SEI may also share some VAR depending upon control, described further in the subsequent section.
III.

CONTROL STRATEGIES
In this section two control schemes of UPQC are discussed. As the SHI control scheme remains same in both the schemes, that is discussed first and then the two different SEI schemes are explained.
Control scheme for SHI
To ensure fast elimination of higher order current harmonics of the load, hysteresis controller is designed for controlling the switching of the SHI. Based on the active power demand of the load, a suitable sinusoidal reference is selected for the incoming utility current and in addition appropriate hysteresis band is selected. Narrower hysteresis band ensures higher THD elimination, at the cost of higher switching frequency of the inverter. Suitable trade off in design is required to optimize all criteria.
As discussed earlier, the dc link voltage ideally should not decay, unless some active power loss occurs in the UPQC. Therefore, the deviation of the dc link voltage acts as a measure of active power requirement from utility supply. The error is processed through a PI controller and a suitable sinusoidal reference signal in phase with the supply voltage is multiplied with the output of the PI controller, to generate the reference current for the supply. Hysteresis band is imposed on top and bottom of this reference current. The width of the hysteresis band is adjusted such that the supply current THD remains within international agencies specified limit. As the supply current hits the upper or lower band, appropriate switching of the SHI takes place so as to compel the supply current to remain within the band, by either aiding its dc link voltage to utility supply or by opposing.
Control Scheme A (Quadrature compensation for SEI) [7] In this scheme the injected voltage from SEI maintains a Quadrature advance relationship with the supply current, so no real power is consumed by SEI in the steady state. This is a significant advantage when UPQC mitigates under-voltage conditions. The SEI also shares the VAR of the load along with SHI, so the VA loading of SHI reduces. To highlight this aspect of quadrature voltage injection, this scheme will be henceforth addressed as UPQC-Q. Fig. 2 shows the current and voltage required from UPQC under a typical load power factor condition for a typical voltage sag. When the supply voltage has no deficiency; V S =V L1 = V S1 = V 0 (a constant), and the series injected voltage V inj requirement is zero.This state is represented by adding suffix "1" to all the voltage and current quantities of interest. The load current is I L1 (I L1 =I L ) and the SHI compensates the reactive component I C1 of the load, resulting in unity power factor. Thus, the current drawn by the SHI is -I C1 , which is opposite to the load reactive current I C1 . As a result, the load always draws the in-phase component I S1 from the supply. For nonlinear loads, the SHI not only supplies the reactive current, but also the harmonic currents required for the load. Thus, after the compensation action of the SHI, only the fundamental active component of the current is required to be supplied from the utility. Since the SHI is able to compensate load VAR and harmonics, the SEI can compensate the voltage sag. As soon as the load voltage V L sags, due to utility voltage problems, the UPQC is required to take action to compensate for the sag, so that V L is restored to its desired magnitude. As seen from fig. 2 , the restoration of V L is achieved by specifically selecting γ = 90 0 . This condition is represented by adding suffix "2" to the parameters. Consequently the load current changes to I L2 . The SHI injects I C2 in such a way that the active power requirement of the load is only drawn from the utility. Therefore, from the utility side the load power factor is always unity. It can be observed from the phasor diagram that the utility current is I S2, and is in phase with V S2 .
If the active power demand is constant, V S1 .I S1 = V S2 .I S2 (1) which can be written as
Between the control loops, the hysteresis current control loop used with the SHI is much faster than the voltage control loop of the SEI. The two loop speeds are chosen such that in no case these two controllers can interfere with each other and cause instability. Control Scheme B for SEI [10] In this scheme, in general the injected voltage is in phase with the supply voltage when the supply is balanced. Therefore mostly the SEI would consume active power. To distinguish from the earlier SEI control scheme this type of UPQC control scheme will be henceforth addressed as Fig. 5 shows the detail of the SEI control scheme for UPQC-P.
IV. COMPARATIVE VA RATING CALCULATION AND ANALYSIS
UPQC-Q
The overall VA handled by the UPQC is an important factor deciding its size. The power loss is also related to the VA loading of the UPQC. Here, the loading calculation has been carried out on the basis of linear load for fundamental frequency [10] . From Fig. 2 it can be found out that the load voltage is to be kept constant at V o p.u. irrespective of the supply voltage variation.
The load current is assumed to be constant at the rated value, i.e.,
with fundamental p.f. = cosφ. Assuming the UPQC-Q to be lossless, the active power demand in the load remains constant and is drawn from the source, i.e. V S I S = V L I L cos φ
In case of a sag when V S2 < V S1 , where x denotes the p.u. sag,
Now, to maintain constant active power under the voltage sag condition, (as explained in (1),
As the voltage injected (V inj ) by the SEI is in quadrature with the supply, the resultant load voltage V L2 makes an angle θ (Fig. 2) with the supply V S2 , which implies
The SHI current can be calculated from the trigonometry of the vector diagram ( fig.2 (1 ) cos 2 cos cos( )(1 )
It follows that the rating of the SHI is
where Z SHI is the shunt inductance impedance.Adding (9) and (11), the total VA rating of the UPQC-Q can be evaluated.
UPQC-P
The loading calculation of UPQC-P has been carried out on the basis of linear load.
From phasor diagram of Fig. 4 , it can be found that for each phase
If load current is assumed to be I L =I L1 
with fundamental p.f. = cosφ, active power demand in the load remains the same, In case of sag when V S2 < V S1 , where x denotes the p.u. sag,
Now, to maintain constant active power V S1 I S1 = V S2 I S2 (16) Which leads to, I S2 = (V S1 .I L cos φ)/ V S1 . (1-x) 
and
Adding (18) and (20), the total VA rating of the UPQC-P is found .
Comparative analysis of VA loading:
Figs. 6-8 show the compariosn of SEI, SHI and total loading of UPQC respectively. The ten points in each set are for p.u. supply voltage sag from 5% to 50%, which are typical. This range has been chosen as the most practical cases are observed to be in this range as available from PQ survey reports. A wide range of load power factor has been chosen from 0.6 lagging to unity power factor (u.p.f), with Z SHI = 1 p.u. in all cases.The rating of the equipment has been estimated from (9and10). The maximum loading within the opearting zone would determine the rating of the individual inverter, and the summation of the two would yield the total rating of UPQC.
As observed from Fig. 6 , it is seen that loading on the SEI increases as % sag increases. The SEI maximum loading under UPQC-P control rating will be 1 p.u. (based on maximum loading at 50% sag at upf load p.f ) to successfully cater the mentioned region of voltage sag under the specified power factor variation. Corresponding UPQC-Q SEI loading is 1. 73 p.u. From Fig. 7 it is observed that the maximum loading condition occurs at similar condition mentioned above.
Maximum SHI for UPQC-P is 2 p.u., whereas for UPQC-Q it is as high as 4.73 p.u.The total VA loading is sum of the two individual loading, and thus maximum UPQC-P rating would be 3 p.u and UPQC-Q would be 6.46 pu.
It is interesting to note that UPQC-Q does not seem to be the natural choice considering the double rating as compared to UPQC-P. However, considering all the detail of the SHI loading curves in Fig. 7 , it can be observed that the loading of SHI of the UPQC-Q is considerably lower than that of UPQC-P in the low power factor load region. Hence, depending upon the load requirement, UPQC-Q could be a better choice, where VAR demand of the load may be high, and typically the need for VAR compensation would be essential. Thus considering the application area of operation upto 0.8 lagging pf, and upto 50% supply voltage sag, typically with the same rating of UPQC-Q and UPQC-P around 2.8 p.u. (Fig. 8) , the overall VA loading of UPQC-Q would be much smaller than UPQC-P. Hence, the associated losses of the equipment would be less and overall system efficiency would be higher.
There is another important observation in Fig. 7 which distinctly shows that the loading on the SHI is mutually related to the load power factor and % voltage sag. For each power factor, certain percentage of sag creates zero loading condition of the SHI. From Fig. 2 it can be observed that for a typical load power factor condition and supply voltage sag, I C2 can reach zero value if θ= φ. Following this condition to minimize I C2 w.r.t. x using (10), we get the relationship between voltage sag and the load power factor condition, which is given by
If θ<φ, SHI and SEI share the VAR of the load. But if θ>φ, then SHI current has to increase with the opposite sign to bring back leading power factor to unity, and this increases the loading of the SHI additionally.
V. SIMULATION RESULTS
The analysis of UPQC control schemes has been extensively simulated in SABER software, which can implement extensive control schemes. A 400 V (L-L) three-phase three-wire system with nonlinear diode bridge rectifier load has been considered. Fig. 9 shows the typical three phase load currents and supply currents. It is seen clearly that the quasi square wave shapes of the load current, with high THD of 24% do not reflect the incoming supply current. The hysteresis controller of SHI has forced the input current to be sinusoidal and the THD has been brought down within 5%. This control is equally effective in UPQC-P and UPQC-Q. The additional advantage of UPQC-P type control is that it can mitigate unbalanced voltage sag.
Figs. 12 and 13 present the performance of UPQC-P for unbalanced voltage sag mitigation. In Fig. 12 it is found that at t = 0.1 sec, the peak of three phase voltages become 300 V, 275 V and 250 V in phases A B and C respectively. But the lower trace of load voltages are balanced and are maintained to the desired value of 230 V(rms) (325 V peak). From Fig. 16 , it is found that when a supply voltage sag occurs, q-component voltage becomes ac peak to peak of 35 V with frequency 100 Hz, o-component voltage becomes ac peak to peak of 50 V with frequency 100 Hz. The d-component voltage is seen to be reduced by 60 V with a superimposed voltage ripple of 35 V (peak to peak, with frequency 100 Hz).It is found that after series injection of voltage by UPQC, the load voltage harmonic spectra remain within IEEE specified limit of 5% THD. Thus the simulation results show satisfactory performance of UPQC-P.
VI. CONCLUSION
The present paper investigates the performance of UPQC as a suitable interfacing equipment for enhancement of power quality. Two control schemes have been analysed based on the different voltage compensation schemes of the SEI. UPQC-Q has the advantage of VAR sharing between the two compensators. The SEI, while injecting voltage to mitigate the supply voltage sag, shares a part of VAR of the load and does not consume any active power. But at higher power factor load (>0.9), the loading requirement of UPQC-Q is quite high due to excessive high SHI rating. The SHI rating of the UPQC-Q increases at a higher rate to compensate the effective leading input power factor created by quadrature voltage injection. This shifts the load voltage angle, seen from the utility side. Therefore, for higher power factor loads UPQC-P rating would be substantially lower than that of UPQC-Q. Also UPQC-Q cannot compensate unbalanced voltage sag. But for applications where VAR demand is very high UPQC-Q could be a potential control scheme for action, as it can effectively reduce the input power factor angle seen from the utility side. Comparative loading analysis has brought useful insight in finding the typical application of the two different control schemes. The effectiveness of the two control schemes is verified through extensive simulation in the software SABER. As the power circuit configuration of UPQC remains same in both models, with modification of control scheme only, the utility of UPQC can be optimized depending upon the application requirement. 
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